Introduction
Microfluidics is the science and technology of designing and manufacturing devices that deal with the behavior, precise control and manipulation of small volumes (10 29 -10 218 litres) of fluids. 1 As a new research field that emerged in the 1990s, microfluidics has shown great potential to revolutionize chemical synthesis and biological analysis by providing automation, high accuracy, low time and energy consumption, and great reconfigurability. [1] [2] [3] [4] These advantages have been demonstrated by recent progress in the development of a variety of 'lab on chips' or 'micro total analysis systems' for healthcare, 5 cellomics, 6 genomics, 7 proteomics, 7 and microoptics. 8 Essentially, a 'lab on a chip' is a microfluidic device that has tiny channels and components to perform fluid handling; multiple components with different functionalities can be integrated onto the same chip. A functional microfluidic device may perform various biological or chemical processing from sampling and pre-processing to sensing and measurement involved in an assay.
In general, microfluidic devices have planar structures with a scale similar to that of semiconductor integrated circuits. Therefore, they can be relatively integratable with electrical, mechanical, or optical elements, to realize functionally complex lab on chips. Significant progress has been made to realize a variety of sensors, such as biochemical, 9 fluorescence, 10 flow, 11 temperature, 12 and pressure 13 sensors. Other important elements, such as valves, 14 pumps, 15 mixers, 16 filters, 17 reactors, 18 and heating and cooling elements 19, 20 have also been demonstrated. As the microfluidic systems become increasingly complicated to provide more functions, more functional elements need to be integrated on a miniaturized chip. However, this generally requires complicated control systems for the operation of these components. For instance, autonomous functionality needs to form a closed loop between each sensor and actuator through a control system, which would be challenging. Also, scaling down some of these components onto a single chip is nontrivial. If there is a way to combine the functionalities of sensing and actuation into a single component, it will simplify the control of the whole system and thus reduce the complexity.
Using stimuli-responsive hydrogels for autonomous operation in microfluidics
Beebe and his colleagues devised an interesting way to link sensing to actuation in 2000. 21 Stimuli-responsive hydrogels were integrated into microfluidics, acting as both sensors and actuators in these systems. These hydrogels have a significant advantage over conventional microfluidic actuators owing to their ability to undergo abrupt volumetric changes in response to their surrounding aqueous environment without the requirement of external controls and even power sources, 22 thus providing microfluidic systems with autonomous functionality. The volumetric change renders a mechanical force and work, transducing a stimulus into a mechanical action, as in muscles. 23 The factors affecting the force are the dimension of the hydrogel structure, the chemical composition of the polymer matrix, and the environmental conditions. 24 Generally, stimuli-responsive hydrogels are a class of crosslinked polymers that have the ability to absorb water. They can undergo phase transitions, wherein an external stimulus, such as pH, 25 glucose, 26 antigen, 27 protein, 28 temperature, 29 light, 30 or electric field, 31 gives rise to distinct volumetric changes in these hydrogels. Stimuli induce physico-chemical changes in the hydrogel polymer network. This then affects the movement of water and ions into and out of the polymer matrix. For instance, in the temperature-sensitive hydrogel poly(N-isopropylacrylamide), or poly(NIPAAM) ( Fig. 1(a) ), the movement of water is initiated by a change in the hydrophilicity of the backbone; in the pH-sensitive hydrogel poly(2-hydroxyethyl methylacrylate-co-acrylic acid), or poly(HEMA-co-AA) ( Fig. 1(b) ), the movement of water is initiated by the ionization of the backbone. 32 Since the movement of ions or molecules and water into the hydrogel is mainly by diffusion, the time scales for the volumetric change depend on the distance of diffusion or the size of the hydrogel. 21 Scaling down the size of hydrogel structures to micrometres can lead to a response time of a few seconds to subseconds. 33 The hydrogel structures can be patterned using approaches similar to those for photoresists that are widely used in semiconductor industry. [33] [34] [35] [36] A thorough description of the chemical structures and the synthesis of various hydrogels is beyond the scope of this article, and the readers are directed to a few review papers for more information. [37] [38] [39] [40] Through the use of a variety of hydrogels, autonomous microfluidics can be realized. 21 42 or an array of the same type of hydrogel posts in a channel (Fig. 2) . 21 The swelling of these hydrogel structures blocked a channel when a high pH buffer flowed into the channel. At a contracted state when pH was appropriately decreased, the fluid was allowed to pass the valve. Based on the autonomous valve mechanism described above, a flow sorter that is able to divert a flow down different paths responding to the pH of the fluid has been realized (Fig. 2) . 21 The device sensed the pH of the input flow and routed the fluid down one of two paths based on the pH of the input. The poly(HEMA-co-AA) hydrogel in one branch expanded in high pH and contracted in low pH, while a poly(HEMA-co-(dimethylamino)ethyl methacrylate), or poly-(HEMA-co-DMAEMA) hydrogel gated the other branch and exhibited the reverse behavior. When high pH solution flowed into the device, the fluid flowed toward the contracted gel since the other channel was completely blocked at the expanded state of the other hydrogel. Here, each hydrogel valve acted to sense, actuate and regulate the flow direction. Yu et al. demonstrated a biomimetic check valve using pHsensitive hydrogel poly(HEMA-co-AA) inside a glass microchannel (Fig. 3) . 34, 43 Natural valves found in veins gave the inspiration for the design of this device; they are usually found in pairs, attached by their convex edges to the wall of the vein, which restricts the reflux of blood by bringing the opposing edges into contact. The fabricated valve activated and deactivated in response to solution pH due to the pHresponsive hydrogel in the two strips of the valve. When exposed to high pH, dissimilar expansion in adjacent hydrogel strips caused the valve to bend during swelling, forming a normally closed check valve that only allowed forward flow once the pressure reached a threshold value. At low pH, the valve became deactivated due to the shrinking of the hydrogel, allowing both forward and backward flow. Self-regulated microfluidic systems are important for chemical reactions and biological assays that are sensitive to environmental conditions, and hold promise for controlled drug delivery. Many microfluidic pH regulation schemes have been demonstrated. 47, 48 However, these conventional systems require several building block components (actuators, sensors and control systems). Using a poly(HEMA-co-AA) pHresponsive hydrogel to replace these major components, an interesting device that can continuously regulate an outlet stream to a desired pH value has been realized (Fig. 4) . 49, 50 The hydrogel post was positioned inside the fluid being regulated, coupling the regulation of the fluid directly to the hydrogel volume; it sat on a flexible membrane that deflected down as the hydrogel expanded to occlude an orifice. Stream A represents the input flow (pH 2), stream B represents the compensating stream (pH 12), and stream C represents the regulated stream (pH 7). The system autonomously maintained a steady pH within a certain range of flow conditions. The pH to which the device regulates was mainly determined by the chemistry of the hydrogel sensor/actuator. By taking advantages of autonomous flow control within microfluidic channels, autonomous microfluidic drug-delivery devices have been demonstrated. Conventionally, one needs control algorithms, circuitry, power, mechanical sensors, and pumps to control the concentration of the drug in the blood. A novel device similar to the pH regulation device described above used the volume expansion of a poly(methacrylic acidtriethylene glycol dimethacrylate), or poly(MAA-EG) pHresponsive hydrogel disc to deform a membrane and to occlude an orifice preventing drug release (Fig. 5a) . 50, 51 This hydrogel was loaded with two enzymes, glucose oxidase and catalase, to convert a glucose concentration change to a pH change. The volumetric change of the hydrogel was regulated by glucose concentration. The contraction of hydrogel could cause the orifice to open, thus diffusing drug out in a controlled manner. Since the hydrogel used here was synthesized with bulk polymerization techniques with a large dimension (15 mm in diameter), the time needed for the device was a few hours. Ziaie and his colleagues improved the time performance by using micro-electro-mechanical-systems (MEMS) fabrication techniques ( Fig. 5(b) ). 46 Specifically, they used a valve that constituted a smaller responsive hydrogel sandwiched between a rigid porous membrane and a flexible silicone-rubber membrane, thus decreasing the time response of the device. In microfluidic systems, micromixers and micropumps are essential components for fluidic handling. Numerous designs of micromixers exist and help facilitate the development of microfluidic systems for mixing at the microscale. [52] [53] [54] [55] [56] Likewise, a variety of micropumps have been developed based on different functioning methodologies. [57] [58] [59] [60] Many of these systems require on-chip power, costly and time-consuming fabrication processing, and/or experience difficulties integrating these systems with other platforms, such as biological systems. To improve on this, autonomous micromixers and micropumps have been developed using pH-and temperatureresponsive hydrogels, electroplated nickel (Ni) impeller, and magnetic stirrers. 61 A responsive hydrogel ring that behaved much like a clutch was patterned at the center axis of the Ni impeller (Fig. 6a) . For example, consider a pH-sensitive poly(HEMA-co-AA) hydrogel ring that expands in basic solutions and shrinks in acidic solutions. The Ni impeller was coupled with an underlying rotating magnetic stirrer that was constantly on. When the local environment pH was decreased, the hydrogel ring shrank, allowing the Ni impeller to rotate freely; however, when the local pH was raised above its transition point, the hydrogel ring expanded into a mushroom cap to exert both downward and lateral forces on the Ni impeller, thus stopping the rotation of the Ni impeller. Fig. 6(b-d) shows pH-responsive micromixer and a mixer array developed with a pH-sensitive poly(HEMA-co-AA) hydrogel ring at the center axis of each Ni impeller. When the stirrer was not activated, no mixing occurred despite the flowing of two adjacent liquid streams. Upon activation of the stirrer at low pH environment, the Ni impeller rotated and mixed the blue and yellow-dyed water solutions into a homogeneous green solution. Autonomous temperature-sensitive micropumps, based on the concept of recirculation, which autonomously decided when to pump fluid, were also developed ( Fig. 6(e-g) ). Because of the rotating actuation of the Ni impeller, a change in pressure was created within the microchannels, thus creating the driving force necessary to pump the liquid. Poly(HEMA-co-DMAEMA) hydrogel was used in this device. It was reported that a rotating impeller could effectively stop pumping as temperature decreased, while higher temperatures called the pumping into service. 61 Many emerging lab-on-a-chip systems and biological microfluidics, such as PCR devices and DNA amplification, often require thermal management and necessitate multiple operation-temperature setpoints. Cooling, which can be facilitated by technologies such as air-cycling, and pumps, generally requires feedback sensors and control systems. Researchers used photopolymerizable polymers to fabricate a two-layer autonomous microfluidic cooling device in which a cooling liquid is kept circulating by a small nickel impeller driven by an external rotating magnetic stirrer (Fig. 7) . 62 A ring made of poly(NIPAAM) temperature-responsive hydrogel surrounding the impeller worked as a clutch as described above; it expanded and stopped the rotation of the impeller whenever the temperature drops below a given critical value, which could be tailored in advance (during hydrogel synthesis) according to the requirements of the chip in use. The device therefore provided autonomous control of the temperature by cooling rather than heating. When local temperatures rose above the defined temperature, the impeller autonomously responded by pumping and recirculating cooler water, until the local temperature decreased to a designed lower temperature. Active and adaptive microfluidic cooling pump arrays with different onset operation temperatures can be designed to fit microfluidic applications where on-chip multi-temperature management is necessary. Optical lenses are components of most optical systems, such as microscopes, telescopes, cameras, binoculars and magnifying glasses. In traditional man-made optical systems, a lens has a fixed focal length, and focusing of an object is achieved by physical displacement of the lens. In the human eye, on the other hand, objects at different distances are focused by adjusting the shape of the lens with the help of ciliary muscles. Jiang and his colleagues constructed autonomous liquid microlenses that could autonomously adapt to their local environment, where a stimulus-responsive hydrogel mimicking a muscle caused a change of the shape of the lens, i.e. the alteration of the focal length (Fig. 8(a-f) ). 63 The central component of the microfluidic chip was a hydrogel ring that was sandwiched between a glass plate and an aperture slip, and filled with water. The microlens was realized via a fluid interface between water and oil pinned at an aperture. The focal length of the lens was adjusted by changing the curvature of the meniscus. This was achieved by exposing the hydrogel ring to a stimulus causing the hydrogel to expand or shrink. Hence, the volume inside the hydrogel ring increased or decreased, changing the pressure difference across the wateroil interface and thus, the geometry of the meniscus. The principle of the microlens was demonstrated with a poly-(NIPAAM) temperature-sensitive hydrogel that expands at low temperatures and contracts at high temperature. For low temperature, the liquid meniscus grew, i.e. the microlens was divergent and varied the focal length from several mm to infinity. The concept was also proven utilizing a pH-sensitive hydrogel. Also, temperature-responsive microlens arrays based on the same sensing and actuation mechanism were developed ( Fig. 8(g-h) ). 64 The above concept of autonomous liquid microlens was implemented by harnessing the horizontal expansion and contraction of the hydrogel ring that separated lens liquid from buffer solution carrying stimuli information in the microfluidic channel. Another scheme that took advantage of the vertical expansion and contraction of multiple hydrogel posts was demonstrated (Fig. 9) . 65 This scheme can diversify the lens design to meet specific needs and is potentially beneficial for fast response time and mechanical robustness of the liquid microlens.
Challenges
Stimulus-responsive hydrogels have great potential for autonomous microfluidics, but there still exist a number of challenges. For example, the response time of hydrogels is still at disappointing time scales at this moment for many practical applications of the hydrogel-based devices. The dependence of the response time T, required for the volumetric change, on the size of the hydrogel is expressed as
where L is the smallest dimension of the hydrogel, and D is the collective diffusion constant of the gel network. 41 This equation indicates that a small size of hydrogel would give a faster response. For this purpose, one straightforward way is to downsize the hydrogel structures by using various microfabrication techniques. Increasing the porosity of hydrogel network has also been used to shorten the response time. 66 Both methods, however, may degrade the mechanical properties of hydrogel structures, causing poor robustness of the devices. Therefore, how to realize a device with fast response while maintaining its mechanical robustness becomes critical. Further, key physical parameters such as the diffusion coefficients of ions, thermal diffusivities, and specific heats for various hydrogels need to be thoroughly characterized for better understanding and estimation of the volumetric change and response time.
Conclusion
The concept of microfluidic 'lab on a chip' has triggered tremendous effort in miniaturizing laboratory components that have the potential to integrate biology, chemistry, and medicine (often understood and applied at the macroscale) to be effectively applied at the microscale. The microscale offers numerous advantages such as dominance of surface tension, laminar flow, and diffusion that can be leveraged elegantly to design innovative microfluidic systems. Furthermore, it promises to exploit intelligent materials to achieve new functionalities and simplify the system structures. By incorporating stimuli-responsive hydrogels into microfluidics, advantages of autonomous microfluidics are compelling when simplicity, functionality, and intelligence are considered. Since chemical groups define the type of stimulus to which the hydrogel responds, and the physical properties determine the response time, hydrogels can be tuned to the desired application with a wide range of chemical and physical properties. This can greatly diversify the sensing and actuation mechanisms for autonomous microfluidics.
